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ABSTRACT

A limited. study has been conducted to establish.the performance and noise
charactaristics of a low design tip speed (168 m/s, 550 ft/sec) low pressure
ratio (1.04) variable pitch fan which wag tested in the NASA Langley 30%X60
tunnel, . This-fan-was designed for minimum noise whan ingtalled in the tail
mount location of a twin engine aircraft which normally has both hose and
tail mounted propulsors, KFor the.tests discussed in this teport the pro-
peller normally mounted on the node of the aircraft was removed,

Measurements showed the fan noige to ba very clése to predictions. made during

the design of the fan and. extremely low in.level (65 dBA at 1000 ft) with no
acoustic treatment, This is about 8 dB lower than the unshrouded 2 blade

propeller normally used in this installation, On the basis of tests econducted

during this program it appears that this level could be further reduced by
2 dBA if optimized acoustie tredtment were instdlled in the fan duct. Even
the best of the shrouded propellers tasted previously were 7 dB higher in
level than the JwFan without acoustic treatment,

It was found that the criise perfcrmance of this fan was within 5% of the

prédicted efficiency of 72%. Evaluation of the performance data indicated

that disturbances in the inflow to the fan were the probable cause of the

reduced performance. Exhaust flow from the simulated engine which passed

through the root sections of the blades is an ared.of particular concern,
While a retwist of the inboard sections of. the blades on the fan is predicted
to overcomé some of thig deficiency it appears that the better inflow charac-
teristics of a tractor mounted fan might provide even greater gains in per-
formance, As expected, the low pressure ratio fan efficiency was lower than
that of the unshrouded propéller but not substantidally lower than that of

the larger diameter shrouded propeller and substantially higher than could
be achieved with high bypass ratio turbofang,

Although the analysis wor
tively

k discussed in this report was limited, the rela=
g8ood agreemént between predicted and meadured noise and performance
demonstrated in this program provides confidence in the desigh methodology
used and indicates that this methodology should be successful in tailoring

a low pressure ratio fan te other installation and performance requirements,

T T T TR S AV ST 3 e




w o

(e §

]
Cp

E or E(t)

(1]

e* or e'(t)

hp

rpm, RPM

R

SYMRBOLS

wing span, 10.831 m (35.60 ft,)

nuttber of propeller blades

wing mean aerodynamic chord, 1,490 m (4.89 ft.)

propulsor diameter, m (ft.)

aireraft drag coefficient, drag/q §

aircraft 1ift ¢oeffiecient, lift/q S

aircraft pitching-moment ¢oefficient, pitehing moment/q Sc
propeller. power c¢oefficient, ;i%gg

T .
propeller thrust coeffié¢ient along Q-Fan rotational axis, puZDA

airplane thrust coefficient, EI§

instantaneous hot wire vbltage

T
« lim 1
mean component of hot wire voltage E = oo T E (¢) 4t
. 5
fluctuating component of hot wire voltage e'(t) = E(t) - E
shaft horsepower, watts 525%3

propeller advance tatio, %ﬁ

propeller revolutions per second

propéller revolutions per minute

pressure ratio, exit total pressure/free stream total pressure
tutinel dynamic pressure, N/m2 (lb./ft¢2)
propeller torque, N-m (lb.-ft,)

radius station of propellet, m (ft.)

propellet rotation speed, rev./min.

propeller radius, m (ft,)




R(T) autocorrelation coefficient of hot wire voltage signal E
(dafined in text)
!
g R' (1) autocotrelation coafficient of fluatuation voltage o'
k (defined in text)
s wing ares, 16,258 m% (175,00 £t.%) J
"
T propaller thrust, Drag (prop off) - Drag (prop operating) j
¢entariine

y fluctuation component parallel to aircrafc

fi ut velocit
% v! velocity fluctuation component transverse to aircraft centerline
' v velocity, m/sec. (ft./secs)
! W, corrected inlet flow/fan area, Kg/(Sec~m2)
o aircraft. angle of attack, U corrected for wall effacts deg
(4~Fan shaft axis is used as zero reference) !
% geometric angle of attack, deg (angle batween Q-Fan shaft atis |
5 and horizontal)
; 83 /4 propeller blade angle at 75% R
$ ¢ flap deflection angle, deg v
n ptopeller propulsive efficiency, %1 o
P nD
’ 8 circumferential position arouhd Q-Fan duét in degrees (see Figure 2)
p mass density of air
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INTROBUCTION
In the past, the Propellers of Genaral Aviation Alrcraft hive bean deaigned
for near maximum performince, minimum weight aad minimum cost, This generally
tegulted in galection of a two=blade propellar operating at a high tip speed
with-direee drive Piston-anginas providing the power., Witk the necessity to
meet noise cartification réquiraments, there has baen considerable effort to
find viable alternatives to the two-blade propellers, One direction that
has proved successful ig the use of a smaller diameter propeller with more
blades. This cauges some penalty in weight and cost byt does not necegsatily
result in a performance Penalty as long 48 the increase in number of .blades
and the reduction in diameter is limited,. Another approach is to reduce
noise by the use of a geared shgine to reduce the RPM and thus allew reduction
of tip dpeed with a larger diameter Propeller. A third approach 18 to uge
a shroud around a propeller. This shroud enhances low speed thrust and allows
use of a smaller diameter lower tip speed propulsor, An interesting fourth
approach studied in this program 1s the use of a small diameter, low tip speed
low pressure ratig quiet fan (Q-Fan), thile this device ig somewhat 1like the
shrouded propellas theye are several differences, First, the struts in a.
shrouded propeller do nothing but support the shroud., Support struts (inlet
guide vanes) for the shroud of the Q-Fan also straighten the outlat flow to
enhatice thruse, Shrouded propellers generally have 5 or fewer narrow chord
blades. The Q-Fan hag 7 or more wide chord blades. The contsiderably smaller
diameter of the N~Fan allows {t to operate at higher RPM than a shrouded or
unshrouded Propel..r. This could eliminate the requirement for a gear box in
a low tip speed quiet installation. .1f a gedr box were tequired the gear
ratio would be reduced in a8 Q-Fan installation and, therefore, géar box
reliability probjems would be minimized, It should also be noted that the

Q-Fan, 1ltke the turbofan, offers the opportunity to install noise suppression
material in the duct,

ft. tunhel at NASA Langley,
were obtained to alioy evdlua
formance, In tiils report a 1}

Diagnostic medasurements in and atourd the fan
tion of predicted Versus meédsured noise and pet=
imited analysig of the noise and performance
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] datda obtained in the test 18 discussed., Aldo, the Q=Fal- resultd areé compared
B with previocus tests of two~-blade unshrouded and three-blade and five-blade

shrouded propellars,




AIRCRAFT AND LOW PRESSURE RATIO FAN DESCRIPTION

Testing was conducted in the NASA Langley 30 x 60 tunitel, The.test aircraft
wdg the Codéta 327 twin-engine twin boom aircraft of Figure l.which had pre-
viously been tested with shrouded and unshrouded propellers (sse Ref. 1),
For.this test the Q=Fan, a low pressure ratic fan with inlet guide vanes,

wag mounted in a pusher configuration on. the fuselage (sece Figure 1), During
this test program and during the Ref, 1 tasting the forward propeller was not
installed,

The Q-Fan tested had a 35-inch diametér 7=bladed rotor with manually adjusts
able blade pitch setting, dand 9 fixed inlet guide vanes., The Q-Fan shroud
was supported only by the inlet guide vanes, Figuré 2 shows a schematic

of thé Q-Fan, including the location of instrumentation of the model., The
Q-Fan rotor assembly ig shown in Figure 3, For part of the test program
theé acoustic treatment on thé aft duct section as. shown in Figure 4 and the
aft centerbody as shown in Figure 5 were ekposed to detéermine the noise re=-
duction.potential of such treatment., For this test program the tzeatment
consisted of perforatéd plate over.an open céll polyurethand foam bulk abe
sorber, In a flight application, perforated plate or porous metal over
hotheycomb might be useds The Q-Fan was designed to meet the following two
airfcraft opéerating requiréments:

a) 75 MPH, sea level, std. day, takeoff thrust of 587 1bs., and
b) 185 MPH, 7500 ft., std. day, cruise thrust of 248 1lbs.

These design points resulted in the following fan pressure ratios (PR) and
corrected (w,) flows:

Takeoff! Pp = 1,043, u_ = 102,5 Kg/(sec+m®) (21 1b/(sec+ft?)
Cruise: Pp = 1,037, « = 128,3 Kg/(aec-mz) (26,3 1b/(secuft2)

The design tip speed was 168 m/s (550 fps)., Blade geometric characteristics
for the rotor and guide vanes are shown in Figures 6 & 7, respectively.

For the test discussed in this repott the fan wdas driven by a 450 kW variable
speed electric motor, In otder to simulate an actudl intersal combustion
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engine installatlon, éngine-cooling aiy was allowed to. enter the airvevaft

via the cooling air ihlet oh top of the fusalage which can be seéen in Figure
1. This alr wab discharged-through a 3,8 cm (1.5 inch).high annular opening
at the end of the fuselage, batween the tnlet guide vanes and the rotor,

The design of the inbsard sections of the fan rotor blades included considera-
tioh of the mixing of the axiting cooling alr flow with the flow external.to
the fuselage, which occurs within the duct upstream of the rotor.




ACOUSTIC INSTRUMENTATION AND TEST PROCEDURES
..—M

Fah noise and fan nolaé -diagnoatic informacion ware obtainad ih this test
Program. Acoustie inastrumentation included pole=mounted microphotes as

shown..ift Figure @ to measure propuldor=gonarated noisa, Half inch Bruel

& Kjaer microphones fittad with adrtodynamically shaped no

8@ coned wara
usdd for thd tadts,

Blade-mouritad prassurc transducers and hot wire andmometars were ifstalled

to measure flow parametars diractly related to noise genaration by the fan,
The pressura transducers were mounted at four locations oh ona blade as

shown in Figure 9, Blade surface pressures were sensed by Kulite transducers

mounted flush with the blade surface, The transducor 8ignals ware recoveraed
via a rotating amplifier and slipring system,

Two hot wire anemometars were mounted in the airstream; one 16.6 in, ahead
of the duct leading edge, and one at the leading edge of the inlet guide
vane as shown ifi Figure 2, The hot wire anenometers used wers Tharmoe
Systems model 1241-T1,$ cross wire probes oriented so thay would respond to
axial and circumferential velocity components (vVelocities parallel to the

fuselage surface), The brobes were mounted so they could be traversed
radially as shown in Figure 2,

DC coupling was used for the hot wire anemometer signals, due to the fact
that a large proportion of the turbulant fluctuations oceur at fraquencies
bélow 2Hz, The unmodified. hot wire signal contained a mean flow compotiant
and a relatively small fluctuating turbulence compunent. The DC component

was suppressed prior to recording in order to iMprove the signal to noise
ratio for the fluctuation signal, and the
recorded on log sheets,

ot the log sheets,

supprassion voltdge usad was
Tape recorder amplifier gains were also recorded

The microphone signals were recorded on a 14 channel FM tape recorder using

AC couplirg (20-15K Hz), Blade Pressure and hot wire signals were recotded

on a similar 14 channel tape recorder. Recotd times were one minute for

the hot wire signals (when recorded) and 30 seconds for the other signals,

In the acoustic test phase of the program,

microphone and blade pressure
data were recotded on tape for the

opérating conditions in Table I,

e
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Followitig the acouatle taats with. the wings vemoved, hot wire data were ,
v vaecorded for the conditions listed in Tahle I, The blade pressure and ’
hot wird measurements provida diagnestic informatioun concerning the tur-
bulance and mean velocity profile of the air entering the fan rotor,

A
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AERODYNAMIC INSTRUMENTATION AND TEST PROCEDURES
W

Cverall aircrafe performatice, fan perforuance, aml fah dlagnostic performance
Moaauramants were obitalndd during this tost Program, The overall airplane
performance was measured uding the wind tuanal forc baladce systom. The
airplane 1life, drag, and sldeslip foreos and piteh, roll, and yaw momonts
wdre determined from tha fores balanza data. Q-Fan drive power wag suppliod
BY an alactric motor locatad in the fusclage and fan powor absarption was
determined from a calibratiod curve of minimum métor current varsus torqua,

Pneumdtic instrumentation of tha Q~Fan was provided for adgsadsmaent of Q=Tap

performance, This Instrumentation is detailed in the Figure & sciumatie
and consisted of the following:

a. three rows of static taps, located axially, on tho fucalap. .o,
ut 352°, 188° and 278° (0° is at the top of t! . (0ug6) eltcumforens
tial position,

b

3 iflet rakes (static and total pressure tups) at 0°, 180°, and 270°
circumferential positicn,
¢e 1 vane rake,

d. . duet surface taps (along the internal and external surfaceg) at 0°

and 27¢° circumferential positions,

€. 3 exit rakes (. catie and totdl pressure taps) at 0°, 180° and 270°

circumferential positions,

The Q~Fan propulsion system tested in the program and discussed in this
report included a modification of the fuselage cowl boattail configuration
forward of the fan to match the fan and fan duct flow requirements,

causé of the changes to the afe fuselage cowl boattail co
was planned that a teast of the

ducted in order to obtain

Bo-
nfiguration, 1t
aircraft with the fan removed would ba cone

"bare" aircraft performance. Due to a limited
amount of tuhnel test time this was not possible,

and it was necessary to
use the "bare"

alrcraft performance from the Ref, 1 test with *he aft
unmodified fuselage cowl boattail, NASA believas that the boat+a11 change
will have only a minor effect on the "bare" aircrafe performance, but the
lack of "bare" aircraft petformance for the QaFan configuration does
introduce some uncertainty in the tegt results,

|




Durdiy the sucire Q-Fah test. the alrcraft was attached to the support struts
a4 shown in Pigure 10...Drag of the bar hatwden the. fuselage landing gear
struts was meéasuved and corracted out of the data. Static testing was dotie
with the airéraft yawed 90° to the tunnel axis and.a—cloth curtain.drawm
across the wind tunhel test gdection entrance thtoeat., This. procedute prae
vantad the Q-Fan. slipstream from racirculating through the tunnel.passages
and back to the aireraft. All tests were conducted with the elevator
(horizontal tail surfaca) locked in the undeflected position.

Table III shows a summary of all performance test conditions.. The maximum
continuous RPM attainable with the electric fan drive motor was 3350 RPM,
walch was only 937 of the design RPM of 3600, . Tunnel speed was raéstricted

to about 100 fps in order to reduce aircraft lsads, and limit tusnel drive
motor vibrations, Thus, for aireraft cruise conditisns, the Q-Fan performance
derived from non-dimensionalized data is based on relatively light loadings
and 1s subject to some scatter, Also, since the Q-Fan thrust is determined

by subtracting the base (Q-Fat removed) aircraft drag from the drag with. the
Q-Fan operating, small errors in dreg measuréments are magnified when the

thrust is.calculated., This situation is aggravated as the Q-Fan thrust
(loading) is reduced.

The aerodynamic data has been correctéd for support strut tares, bouyancy,
and airflow angularity., These tests were conducted with a fion~porous
ground board installed in the tunhel beneath the model., Wall corréctions,

obtainted from the theory of Ref, 2, were thersfore applied directly to the
data,

-1l
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DATA ANALYSIS PROGEDURES

The afialysis procddures used for the acoustic data and ralated.disgnodtic
data ond the acrodynamic performance and related diagnoatic data arve

discussed balow.

Noige Data = Tha microphone data were reduced using 1/3 octave band and
narrow band analyzers. A Conaral Radio model 1920 real time anhalyzer was
used to obtaint 1/3 octave band plots (25 Hz to 20 kHz analysis).and. A=
wieghted sound levels., Narrow band analysis from 0-10KHz (30 Hz bBandwidth)
wore obtained using a Spectral Dynamics Model SD 301¢ analyzer. These
allowed determination of propulsor noise levels and comparison with pre-
vidusly tested configuratiots,

Blade Pressure Data - The blade surface pressurés dre of interest for

diagnosing the mechanisms of fan noise generation, Thay provide information

about the structure of non-utitform flow.entering the. *otor ds discussed in
this seéction. The principle employed is that, as a blade rotates and clops
through a disturbance in the inflow, it responds with a pressure pulse
whose timitg and length can be related to the location and sizé of the
disturbance. A method of data reduction has been develsped in which wave-
forms of the blade pressure signals are plotted in an especially revealing
format and statistical calculations are performed which caft be irterpreted
in terms of turbulence propeérties.

Types of inflow disturbances iuclude fixed flow distortion due to installa-
tion effects. or influence of upstream stators and random distortion such as
turbulence generated by the motion of air in the wind tuhnel or turbulence

generated in the fuselage boundary layer ot the inlet shroud boundary layer
upstream of the rotor tips. Tests were conducted with and without wings

at various tunnél speeds to study these effects on the Q=Fan,

To intveduce blade pressurce wave fofm plots as inlet distortion space-time
histories, the wdaveforms recorded during a previous test with another Q-Fan
having an intentional inlet disturbance from an ifistalled post are shown

fn Figure 11, The instrumedted blade ~hops through the didgtortion post's
wake once per revolution producing a otice per revolution blade pressure

-12-
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gulting waveforms from thae mid blade trandducer are ghown
Each trace in this plot répreacnts the
prassure signal during one révolution, starting and ondisg as the inatyus=

mehtad bhlade passaes through the bottom.of its rvotation. Fifty=ofie traces
The influoence of the distortion

pulad.. The re
{n the lower. part of the figurd,

frot 51 comnsccutive revolutions ard shown.
post mounted in the top of the inlet is cloarly seén at the center of the
plot, which represents the 1807 or top location i{n the inlet. Thus, the

waveform plotting technique accurataly shows the location and nize of the

{glot disturbance in the circumfarential sense.

In order to generate Figure 11, analog tape data were digitizod using a
special ¢lock with a frequency multiplier which generated exactly 150
equally spaced pulses per pulse of the once=-per-ravolution pipper.. The

150 clock pulses caused the blade pressuras to be digitized at 150 angles
of rotation. Because the clock output is phasé locked to the input pipper,
the samples are obtained at the same locatioh {in the inlet during aach

revolution. That is, sample numbar 75 is always obtained a8 the blade

passas through 180°.

Hot Wire Data

In Refs. 3 and 4, the inflow rurbulence characteristics which are important

The mean velocity and turbulence
The procéedures

for noise generation in fans are digcussed.

intensity entering the fan were Jetermined in this study.

required to determine the values of u' atd v' from the tacorded data are

described in Ref, 5, from which. the following discussion iy derived,

The output trom 4 hot wite anemometer channel {g a voltage signhal congisting

uating component, e'., For the purposé of
e! is the quantity of

y much larger

of a mean component, E, and a fluct
determining the turbulence properties of the flow,
{nterest., Howeévér, the mean component (0C voltage) is gencrall
than the fluctuating component of the signal, so the accuracy of the record
and playback system in reproducing the fluctuation is jeopardized if the
unmodified signal is recorded. Suppressing the DC component allows recording
e' at a much higher gain, resulting in a large improvement in signal=to=noisge

rat{o (on the order of a factor of 500 for the present investigation).




From Ref, 5, the principal analysis method for dotermining the turbulance
proparties is the auto-correlation procedure, .In order to determine tha
tutbuletsce intenafty of the tunnel flow, auto=correlograms of the aignals
were obtained for the hot wire pair,

The sum of the signals from the hot wire (reforred to as A + B) was aasumod
to be proportional to the axial velocity component, and the difforense
signal (referred to as A - B) to be proportional to the lateval velocity
componént. For high levels of turbulence, these relationshiips are only
approxifiate, but they arec adequate for the present ihvedtigation,

In vrder to determine the turbulence intedsity, it is. first necessary to
examine a typical duto-correlation function as shown for the sum signal
(A + B) of the probe in Figure 12.

The correlation function R (v) is telated to the time delay 1, as follows;

T
1
R(r)ﬂ-?-[ E®ME(ter)dt, 1)
0
where E is the hot wire voltage signal due to flow,. It is assumed that
E 1s made up of mean signal, E, and a time dependent voltage, e', so that
the following relationships holds
E@M)=E+e () (2)
T
1 . -
T
0
T
1 L
o)

-l4=




where T 18 the pariod for data analyais.

Then, by substituting (2) dmto (1) .. .. ... ... .. é
T
R(r)=%f (E + e () (E +e t+T))dy (s)
’ |
or
T T T T
R“')“'i'l" [ éed“[ e'(t)e'(tmdt*ﬁ{f e'mdt«[ e'(t:-r)dt] (6)
(o o 0 o

The first tert in (6) is8 just the square of the mean value of the signal.
The sécond is the auto-correlation of the fluctuating. compenent. The
third term ig idetitically zero from Equation (4) and the last term can be

neglécted if it is assumed that:

T T«r
-L[ e! Ydt= -]-'-[ et (b dt )]
T T .
o T

|
|
|

The assumption in Fquation (7) is valid 1f the length of the data records 4
allows sufficient time for averaging., The correlation coaefficient then ‘

becomes?

R(r)=E2+« R 1) | 8)

Whére R' (1) is the desired correlation coefficient of the fluctuating

components,

T
et hre' (¢t +7)dt

Rv (?) P _%_ (9)

o
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The corralogram in Figure 12 18 the sum of the auto=correlogram for the

fluctuating componeat and the square of a mean DC voltage (from Equation
(9))s Since the turbulence gipnal 18 not correlated for large values of
v, the second torm in Equation (10) approaches zero and the correlation

function apptoaches tha squarée of the mean value, Ez.

E is the voltage from the hot wire which represents the mean flow velotity,
Although DC suppression was used to reduce this mean component duting data
recording, {t was generally not.perfectly cancélled., Thus, i the correlo=-
grams, the agymptotic values were not zere, but approached & value ﬁz which
represents the difference batween the true mean flow velocity and the amoutit
of DC suppression used. The residual mean value was subtracted in each
analysis to obtain the auto-correlation curve for the fludtuating velocity
component (this was ésimply done by drawing a new reference line at Ez, as
shown in Figure 12). The mean-square turbulence intensity 13 proportional
to the autoscorreldtion at zero time delay. (r = 0) less tHe residual mean

squdre value,

Aerodvndr'c Data - In general, the data analysis for the Q-Fan is similar
to that used for evalustion of the shrouded and utishrouded propellers of
Ref, 1. Computer processing of the data acquired during the aerodynamic .
portion of the program was done by NASA, Wall and jet boundary corrections
based on the Ref. 2 reéport are part of thé data reductioh computer

program, and were therefore included in the data reduction.




ACOUSTIC RESULTS

The acoustic raesults are summarized below.. For certification, the A=weighted
noise level at-a 1000 ft..sidelihe is the criterion uséd.to determine the
acceptability of an airéraft/power plant combination, Thoreforae, most of the
data presented will be A-weighted sound pregsure levels (for the fraquency
range 25 to 20 I -, Before proceeding with the discussion it should be
noted that the pravious propulsor tests (2~blade unshrouded propeller and.

3 und S»blade shroudad propellers) used microplone arrays at a 19 ft, measuring
radius cénterad on thé propulsor.. As can bé saén in Figure 8, the microphone
array was centéred. on tHe aircraft. Therefore, some¢ of the Q«Fan data have
been corredted to the same measuring distance as the previous propulser tests
for edse of comparison with the previous data. The magnitudes of the correc-
tions are given in Table IV.

Forward Flight Effect - The effect of forward £light on fat noise at two direc~

tivities 18 shown in Figure 13 for the wings on configuration.. It can be

geen that the noise is only a weak fuhction of simulated flight speed for.
these directivities, The change in propulsor inflow as the aircraft moves
from a static to flight condition usually results in a sigr.'ficant noise re-
duction. This did not occur in the Q-Fan test due to two factors. Pirst,

the inflow to the blade row was always distorted due to the wakes of the inlet
guide vahes, Distortion due to inléet turbulente related to the normal atmos=
pliere (which is expected to decrease with forward £light speed) thus had a
relatively small effect on the noise genération. .In addition, the power
absorbeéd by the fan was reduced only sliglitly be the change from static to for-
ware flight conditions, Therefore, the blade loading did not change enough to
cause a large change in the radiated noise.

It should be noted thdt at the highest tunnel speed, thé tunnel background
noise is high enough to affect the measuted propulsor noise levels.. For this
reason, the 72,5 ft/sec tundel speed was selected for simulated flight data
analysis whenever possible,

Dependence of Noise oh Opetating Condition = The maximum noise generated by
the fan depends on blade angle and RPM as shown in Figute 14, The data
shown were obtained for the wings off configuration since the range of operating




conditiond avallable 1a much greater than for the wings on configuration
(saty Table 1), The noige trends in Figure 14 are expectad to hold for the
case with wings on in forward flight, i.e., the chatge in blade loading due
to changing blade angle from 28 to 33 dogroes at 2500 fan RPM should cause
the folsé to increase by 2 dB for a given flight apoed and aivplane configu-
ration,

The data shown represent the makimum ssund level for tha two microphones
gnlected. Analysis of the data at different dircctivities may show somewhat
Jdifforent results,

Comparison of Measurettent with Prediction - The noise geterated by ihterac=—
tion of the Q-Fan rotor with wing wakeés and IGV wakes was predicted on a 1/3
octave band power level basis, . Thig prediction was corrected to the nominal
30 ft. measuring radius for the peak noise location and i8 shown in Figure
15a. . The tucal predicted spectrum is compared to wings on data in Figure 15b.
It can be seen that the prediction matched the data fairly well except in the
frequéncy rahge from 3K to 8K, where it is several dB high., Since the A«
weightod level for the spectrum was controlled by the levels of the blade passage
tone and its harmonics, the agreement b&tween predicted atd medsured A-welghted
levels {s considered satisfactory. When the wings were removed, the nolge
spectrum was expected to resemble that shown for the IGV prediction (Figure
15a). The result is shown in Figure 15¢, where it can be seen that the noise
did not Behave as expéctéd. This is discussed in the next section.

Effedt of | - From Figure 15¢, it can be seéen that the tone

nolse levels are much higher than was predicted for the wings ramoved

case, and are, in fact, higher than the levels for the wings on case,

The reason for the noise increase is best illustrated by time history plots of
the blade pressure transducer gignals. Figures 16 through 18 show tha

changes in inflow structute with changing aircraft configuration and flight
speed.

In Figure 16, it can be seen that, at zero f11ght speed, the only regular
disturbances ate caused by the inlet guide vanes, with simulated forward
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flight (Pigure 17) diasturbances from the wings and landing géar brace
become evident, Removing the wingsd (Figure 18) does not eliminate the
wing digturbances, but in fact appaedra to cause an increase in the dis-
turbdnice laval (8&-1s-ovidant in the mid-blade transducer plots),

Figure 19 shows the configuration of the stub witgs which-were used to
fair the fuselage mounting points for the wings. . The span of this wing
is about 6 inches, 80 that a vortex shed from its tip will pass approxi-
mately thvough the mid=<blade area of the rotor. This type of disturbance
is effaective in genérating noise, so the expected noise reduction did not
occur when the wings were removed,

Further investigation of the wings oti/wings off data would give better
insight on the noise .genérating mechanisms id the Q-Fan and possibly form

a basis for predicting the noise due to other types of inflow distortien
sourcesd,

Acoustic Treatment Effect - The maximum acoustic treatment effact was de=
rived from information presented in Figure 20. Although thére were no
meastrements takent .to directly compare the noise dpectra with and without
both the spinner and duct treatment, measurements were made with the
spinner treatment both covered and uncoverad., This data is shown by the
symbols in Figure 20. The average of these measurements was summed with
the predicted duct treatment attenuation to estimate the estimated total
attenuation values. These values were applied to a noise gpectrun similar
to that in Figure 21 and the resulting 1/3 octave band levals were A-
weighted and summed logarithmically, By this analysis it is estimated that
the treatment included in the Q-Fan tested is capable of reducing the fan
noise by about 2 dBA., The total attenuation is a fairly rough ¢stimate,
since the treatmeént effects were only studied at one directivity and not

in great depth,. Also,. to achieve the maximum attenuation, the treatment
would have to be¢ placed so that the maximum noise radiation directiviey
would be affected (probdbly in the fan inlet duct and center body sactions),

Q-Fan Directivity = A typical 1/3 octave band snectrum with A-weighted and

linear SPL values for the Q-Fan is shown in Figure 21. The A-wreighted
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level from auch aspectra were used in conjunation with the radius corren-
tions of Table IV to abtain the typlcal diroctivity pattern shown in.
Figure 22, The peak nuise 18 seen to occur at microphone #4 (60.1° from
directly ahcad of the fan), .The nolse leval.at the microphana 4 direc=
tivity was found to control the peak 1M°9' gideline noisa,

Effect of Angle of Attack - The affoct of increasing angle of attack from 0.

to 4 dogroes is shown in Filgure 23, It can be seen that the major effect is
an increase {n the 1/3 octave band containihg the 2 x BPF harmonte, Howaver,
the A-weighted spectrum level ig affected only.a small améunt, similatr come
parisons should be made at other directivity points and at the highay attack
angles available (8 and 12 degrdes),

Effect of Aircraft Angle on Attack and Flap Setting - The effect of inereased
angle of attack and flaps is shown in Figure 24, However, the flap data. wera
takeh at a tunnel speed of 99 fps, with resulting background noise problems,
It ¢an be se#n in Figure 24 that the background noise level ig High encsugh

to increase the measured levels at low and intermediate frequencles, It
might be possible in a furthaey study to estimate the effect of flaps on the
basis of tone levels derived from narrow band data analyses,

Hot Wire Results - The hot wire anefometer provides the mean velocity and
turbulence intensity for discrete points in the flow field. The locations

of the hot wire probes are shown in Figure 2, The probes were installed so
they could be moved to different distances from the fuselage, Four insertion
distances were selected (0.55 5.5, 7,0, and 8.5 inchey from the fugelage wall),

which approximately agree with the radial locatiofis of the pressure transducers
on the rotor blade,

Velocity and turbulence intensity profiles obtained from the hot wire probes

are shown in Figure 25, Also included is the velocity profile obtained from
the inlet rake (see Figure 2),

The mean velocity profiles in Figure 25 show that the flow becomes more dig=-
torted as it approaches the rotor row. The profile at hot wire probe
location E is very smooth, while the inlet rake (close to the duct leading
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edge) shows more distortion, and the velocity profile at the vane leading
ddge (prebe location D), shows a large velocity variation from the fuselage
aurface to the duct surface. Thase data waere obtained for a tuancl apecd of
99 FPS and 3350 fan RPM, Furthar invadtigation of the hot wire data and
comparison with the presdure data should be dene to determine the influance
of the inlet volocity profila on fan performanca,

The tutbulence inteénsity profiles shown at tha bottom of the figure indicate

High levels necar the fuselage surface (due to the turbulent boundary layar),

and a peak in the profiles at the 78% probe insertion position, The peak

at 78% corresponds approximately to the lscation of the tip of the stub wing

(installed when the wings were retoved). The higher disturbance levals

are probably due to the tip vortex of the stub wing, Investigation at static
conditions, However, would be necessary to verify this supposition.

Comparison with Previous Tests - The noise levels from the Q-fant aid several
previously tested shrouded and unshrouded propéllers wera extrapolated to

a 1000 ft. sideline for compariscn purposes. In the case of the Q-Fan, the
peak A<weighted noise lével (microphone #4 {n Figure 8) was used, The 1/3
octave band spectrum for thig microphone which 18 at a radius of 30.1 £t from
the propulsor center, is shown in Figure 21, 1In the narrovw band analysis
(Figure 23) for this microphone it can be seen that the spectral peaks are
dué to tones at blade passage frequency and its harmonics.

The extrapdlation to a 1000 ft. sideline consists of adding a distance
correction (20 10810 33%3 and an opeérating condition correction (from
Figure 14), The data were’taken for 28° blade angle and 3350 fan RPM,
while the design condition 1s 33° blade angle and 3600 fan RPM. From
Figute 14, the level at the design condition ts 4.5 dB higher than at the
condition tested (by extrapolation), The resulting A-weighted noise level
is presented in Figure 24 along with those from shrouded and utishrouded
propellets (Ref,.l), It can be saen that the (~Fan {8 7 dB quieter than the

lowest noise propeller configuration. Also the predicted level (done during the
fan désign) agrees very well with the extrapoldated level based on meaduremeonts,

As indicated earlier in the discussion a further reduction of 2 dB appears
feasible by installing acoustic treatmerit in the auct,




The abave digcussion treatéd thd Q-Fan with inlet guide vaned in a pusher
configuration. The Q-Fan was shown to ba a quist device relative te othar
propulgors in this study, Howevor, mountihg the Q=Fan.ih a tracter con~

figuration with outlet guide vanes would be axpected to rosult in.a signi- 1
ficantly lower noise level than the pushar configusation with inlet guido vancs. §

The primary considerations responsible for this avo as follows.

Fivae, in a tractor configuration the wing wakes and inlet guide vane wakes
would not intaract with the rotor, so the high lavels of fluctuating 1ift

which cduse velatively high fioise radiation would be absent. The rotor wakas
would impinge ont the outlet guide vanes, but these are less efficient radiators.
Second, tha wing wakes which can interact with the rotor in a pusher con-
figuration are absent on a tractor installation. Therefotre, a tractor
configuration might be as much as 10 dB quieter than a pushet ingtallation,




AFRODYRAMIC RESULTA

t
{E The data récorded during most of the asvodynamic tosting counasisted of both
; forca and preumatic measurements. While the pnaumatic data recovded whs
e sufficient to dotorming the Q-Fan theust, it was decdded that the forca data
ji would be usad in thie rdport in ordar to be conaistont with tho data
g{ which was obtained in pravious taosts of unshrouded and shroudod propellers
- (dac Rof, 1), ‘thorefore, unlass otherwisd notad, all porformance data
\ in thid report 18 based on foreca measuremants,

The performarce data are presentad in the following sections. The “Basic
Data" sactiott results from a compilation of all the zoro augle of attaek,
flaps retracted, wings on, data taken during the- test, Perfornaunce in the
"Angle of Attack Effect' and "Flap Effact" sections at zero angle of attack,
and flaps rotracted was baséd on daca taken during the sequénce of testing
of a particular configuration.

- T
- e e

D Basic Ddta - The installed parfortiance of the Q-Fan is showd in Figures 28 - 31

with wings on, at zeto angle of attack, ahd with flaps retracted. FPigure 28 ‘
shows .the test static performance, The non-dimensionalized static performatice ]
data are séeén to collapse te a smooth curve, The maximum efficiencdy achieved
by the Q=-Fan {s shown in Figura 29 to be 67% while the predicted maximum

y efficiency level was 72%., This performdtice differende will be discussed in
nmore Jetail later, FPFigure 30 shows very little sgcatter in the thrust data
takett over the course of the test. The scatter. in the power measutements
showed in Figure 31 is.probably due to the light loading ott the Q-Fan and

the procedure used to establish motor current. This scatter in power measure-
ment results in some scatter in the efficlency levels (Figure 29),

The velocity profile at the shroud entrancte is showm in Figures 32 and 33
for the aircraft at zero angle of attack with flaps retracted, The data shows
that the asymmetrical fuselage créates only a small circumfevential variation
in the velocity except in the area near the shroud, and that the circume

ferential vdariation increases as the free stream velocity incréases, The
inlet velocity profiles were similar to those used to design the Q=Fan,
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Thege gradients in inlet velochty ave primarily responaible for—the—ariations
in shroud éxit total pressures shown in Figures 34 and 33. The sharp re=
duction {n axit total prassure near the centerbody will be discugsed later.
ghroud internal and external pressure variatiods with valocity and

axial position are presented in Piguras 36 and 37, - The digeontinuity

in the internal statie prassurd bhotwean 40 and 62.5% shroud chord results
from the static predsure ride through tho retor. No taps ware {ingtallod on

the- ghroud at tha blada tip.

Anglg of Attack Bffects = Tho effact of aircraft angle of attack on the

Q-fan. parforsiance 18 illustrated for the 31° Blade anglo in Pigures 38=40.
Figure 38 shows that ifcreasing the aireraft angle of attack te 12° results

in approximately 4 29 1o¢s in efficiency. Thig ~asult is contrary to the Ref,

" propeller and ghrouded propaller tast data wiich showed an increase in efficiency
a8 aircraft angle of attack was incraased. the Q=Fan performance calculations
alds show ah increase in efficiancy a3 angle of attack is increased., The réason
for this trend may be agsociated with bare aircraft tatds., Possibly, further
study of the pressure data will provide insight o the causé of the obsarved
trend. A comparison of Figures 41 and 33, and Figutres 43 and 35 reveals that
the angle of attack has only a minor influence on the inlet velocity profiles
and the exit total pressure profiles.

The shroud surface pressure coafficients are skowr in Figure 43 for the 12°

angle of attack caseé.. A comparison of Figure 43 with the o° angle of attack
surface pressure coafficients in Figure 17 indicates that the flow remains
attached to the shroud at 12° angle of attack, and is nearly identical to

the flow at 0o° angle of attack. The pressure data indicates that the performance
lavel should not change due to anpgle of attack, and thus the 27 performance

loss is unexplained.

Flap Effacts - The effect of flap deflection on fan performance is stall, as
ghown in Figures 44 = 46, A considerable amount of asymmetry exists in

the fan inlet flow profiles and in the total pressure profiles at the duct
exit, Figutes 47 and 48 respectively, The change in the velocity distri-
bution at 180° with 30° flap is apparently caused by the increased down=

wash, Thus circumferentially agymmetric flow actually results in slight
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i increase in fan efficiency at 30° flap deflection, Figure. 49 indicates 1
ﬁ that che flap deflaction hnd reduced the external shroud surface veloeity

at 270° ciroumferantial Position, contributing to the slight performatce
increass, w1 s

? Wings on-Wings Off - A comparison of Q-Fan performance with wings on and w' 3
gq off 18 shown in Figure 50. The efficlency was based on the pressure data,

because the wings off efficienty levels based on force are inexplicably greater

than 100% in some instances. . As expacted, Figure 50 shows the wings have
virtually no effeet on the Q-Fan performance,

data, Figure 33, shows some reduction in inlet velocity near the shroud ac

@ = 0°, The exit totals with wings-off, Figure 52, are, as expected, very
similar to the wings-on totals. The shroud surface pressures, Figure 53 show
an unexplained discontinuity near the shtoud leading edge with wings removed
l which may be associated with the vortex flow off the wing stubs,

5 Comparing pressure data taken with the wings removed in Figure 51 with wings on i
)
l

; Force vs Pressure Measuréments - The pressure measurements recorded during

the test weré also used to calculate the Q-Fan thrust. Since the external

shroud friction drag and the tail cone drag were not included in the pressure

measurements, their hagnitude was calculated .and included in the th-ust

" calculated from the pressure measurements. Q«Fan efficiency was then obtained
using the thrust calculated from medsured pressutes and using the power
obtained from the calibration of minimum motor current V8. torque. FPFigure 54
shows thé pressure-thrust calculatiofis to be significantly less than the
force maasureménts, Tha agreement bedomes better ag the Q-Fan loading is
increased (lower advance ratios). The reason for this discrepancy has not
been established from the limited analysis permitted within the scope of

) this program, A more rigotous study of the data réduction procedures may
provide further enlightenment ot the validity of these results,

Pre-Test Calculationg = cerformance estimates were made for the Q-Fan prior
M

to testing, and are showm compared to the test data in Figures 55 - 58,
stdtic thrust is about 77

Test
below the design value, while take~off (75 mph)

efficiency 1s 1 unie of efficiency below the design value ahd test cruise




(185 mph) efficisncy 1s § units bolow the design value, Figures 57 and 58
show an increasing diderepancy hétween the calculated and-the test blade.
angle as the angle is incraased, Futther analysis i raquived to explain
these results. The exit total pressure profiles shown in Figures 34~35
indicate that a fall-off {n total pressurc 18 octurring at the rotor root which
is probably associated with flow conditions in the. inboard soections of the
Q«Fan. Most likely, the quantity and mixing of the cooling exit air with

the flow coming through the inlct guide vanes was not as predicted during the
fan design and is causing the rotor inboard sections to be poorly loaded,

Also contributing to the loss in fan performance is the relatively high
level of tutrbulence in the éngine cooling duct exit flow recorded by the
blade pressure transducers at the blade rodt and shown in Figures 16-18,

Influence of the Q-Fan on Aircraft Characteristics - The effects of the
Q-Fant on the aerodynamic characteristics of the aireraft are shown in
Figures 59-63, The operation of the Q-Fan provides gome incréase in 1ift
curve slope and maximum Cy, as thrust level is indreased., Afrcraft pitéhing
moment 18 virtually unaffected by chatges in Q-Fan thrust. Figure 61 shows
that a similar increase in 1lift occurs when flaps are extended, The

pitching moment is agdain unaffected by changes in thrust level with flaps
extended,

Comparative Performance - In order to compare the performance of the Q~Fan
with that of the propulsors tested ofi the same aircraft during the Ref, 1
tésts, the shaft horsepower required for aircraft cruise at 160 MPH, 7500 ft
altitude was calculated for each of these propulsors,

The required cruise thrust for the airecraft was obtained from the Figure 64
thrust requited ( - drag) curve, developed from the current test datd for
a 3500 1b, gross weight aircraft operating at 7500 ft.

It is basic aerodynamics that for subsonie operation, 4 well designed
propellet will always be more efficient in cruise than a shrouded propeller
or fan due to the shroud drag and higher disk loading of the latter
propeller types, Thus, it was not surpriging that the results of this study,
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shown in Table V, {ndicated that the propeller has a significantly higher

efficiency tnan the shrouded propeller or Q-Fan, Therefore, use of a shrouded

propulsor for aireraft of this type must be predicated on requirements
other than perfosmance,. Buch as constraints on propulsor diameter, or
acceptable noise lovels, If a sh¥ouded propulsor wete considered for an
aircraft of this type then a high pressutre ratio turbo-fan.would probably
also be considerad, and for this reéason an analytical estimate of the
power required to propel the aircraft with an 1,5 PR fan was estimated,
It catt be seen that the estimated power and efficiency of a turbofan in
this application 18 considerably worse than any of the othep propulsérs
tested, Thus, {f a small dilameter quiet propulsor is of interest for this

class of aircraft then the Q-Fan appears to be a more efficient choice than
a turbofan,

The effects of the Q-Fan on aircraft 1ift characteristics were nearly
identical with those of the Ref, 1 propeller:

a) Lift curve slope was increased slightly with flaps retracted.
b) Lift and lift curve slope were increaséd slightly with flaps extended.

The Q-Fan showed no effect on aircraft pitching moment when thrust was
increased, whereas the propeller normal force resulted in an increased nose
down pitching moment when thrust was increased.
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CONGLUSTONY

The amount of data analyfed from the Q-Fan test and the amount of

analysis of thid data was severely restricted. Therefore, the- following

conclusions should be considered preliminary undtil a moré thorough study

of the test rasults is conducted,

Tha
1.

3.

5.

préliminary acoustic¢ ¢onclusisns are as follows:

The fan mat the noise objéctives set during its design., Based on tast
data thé noise level was extrapolated to be 65 dBA for.a 1000 ft, flyover
without duct acoustic treatment. This compares with levels of 72 to 75
dBA for the unshrouded and.shrouded propellers tésted in an earlier
program on the sameé afircraft. With cleaner inflow to the fan such as
that found in a tradtor (with eéxit guidé vanes) rather. than a pusher
(with inlet guide vanes) installation lower levels could be achieved.

There 18 the potential for 2 dBA reduction in the above levels by use
of duct acoustic treatment,

Inlet disturbances created by stub wings used for theé wingg-off testing
caused noide increases over the conditions with the wings on.

Limited evaluation indicates that aircraft angle of attack and deploymetit
of flaps increase the Q=Fan noise by a small amount,

The hot-wire anemométry data shows the presence of distortion
upstream of the fan rotor. Reductioh of this distortion could lead
to lower noise levels and may also improve aerodynamic performance,

agrodvnamic conclusions are as follows:
Maximun propulsive efficiency derived in this limited study of the (Q-Fan
was about 57 less than the 72% predicted during the design phase,




There {s some question about the accufacy of the measurements but it
is posaible that differences betwedn anticipated and actual blade root
flow causad gome losd in efficiency.

ﬁ, 2. Propulsive afficiency of the Q-Fan.was less than that of.the unshrouded
. propeller testad earlier, similar to that of the shrouded propeller
ﬁ‘ tested earlier, but significantly greater than a high bypass ratio

turbofan would be for this applicationd.

i 3. Aerodynamic characteristics. of the alrcraft with the Q-Fan installed
F were nearly identical to those of the aireraft with the propeller,

; 4, Limited study of the data indicates that ah improvement in rotor blade
root desigh would probably improve the maximum (Q-Fan efficiency.
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3.

4.

MceLamore, “ . C. [y l\“d Po e Re o
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TABLE IV

MICROPHONE CORRECTIONS FOR 19* RADIUS

Actual Measuring

Correction to Add For

Mictophone Rad fus 19' Radius, dB
1l 34,2 5.1
2 3.1 4.8
3 3l1.8 4.3
4 30.1 4.0
3 8.2 3.4
6 26.8 3.0
7 25.4 2.5
8 24,0 2.0
9 2.1 1.3

10 20.5 0.6




: TABLE V
3 COMPARATIVE PERFORMANGE ;
W
3 ]
} 7500 FT. CRUISE @ 160 MPH
, Approximate Shaft Horsapower Propulsive

Propul sor Préssure Ratic Req'd., Kw (HP) Efficiency
I 1. Propeller 1.00 + 160 (215) 90%
f o+ SeWay Shrouded Test

Propellet 1.03 220 (295) 65% Data ‘

3, Q fan 1.04 231 (310) 624 |

‘ 4, Turbofan 1.50 414 (555) 35% } Caleulations

E
J
}
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REAR HUB HALF AND BLADES

URIGINAL PAGE 18
of POOR QUALITY

FIGURE 3.
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Figure 8, Schematic of Microphone Installation for Q=-Fan Test
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Schematic of Blade Pressure Transducer Installation
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Figure 21. 1/3 Octave Band Spectrum for Mic #4, Wings On,
73 FPS Tumnel Speed,
3350 Fan RPM, 28° Blade Angle
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